INTRODUCTION {#sec0005}
============

Alzheimer's disease (AD) is one of the major neurodegenerative diseases related to decline in cognitive functions and an estimate of 47 million people worldwide are suffering from AD \[[@ref001]\]. The normal functioning of the neuronal cells is usually interrupted by accumulation of aberrant proteins, leading to AD. The axonal tau and trans-membrane amyloid-β are the two majorly effected proteins \[[@ref002]\]. The processing of amyloid-β from its precursor protein by secretases is essential for cellular functions \[[@ref003]\]. In healthy conditions, amyloid-β is processed by *α*-secretase followed by *γ*-secretase; the intervention of β-secretase instead of *α*-secretase generates extracellular amyloid plaques that deposits on the neuronal cells \[[@ref005]\]. On the other hand, pathology of tau is predominantly associated with frontotemporal dementia with parkinsonism-17 (FTDP-17) mutations and its post-translational modifications \[[@ref006]\]. These modifications change the overall charge of tau thus, hindering its interaction with microtubules, tau aggregation and eventually neuronal death. Molecules from natural and synthetic origin have been screened to validate their role in overcoming AD. Natural molecules widely includes extracts form plant and fungal origin such as oleocanthal, curcumin, tabersonine, cinnamaldehyde, azaphilones, 2, *ω*-dihydroxyemodin, asperthecin, asperbenzaldehyde, etc. \[[@ref007]\]. Oleocanthal, cinnamon, and curcumin prevent aggregation in both amyloid-β and tau. Oleocanthal increased amyloid-β clearance in the brain by increasing levels of receptors, LDL lipoprotein receptor related protein-1 that was essential for amyloid-β transport. Oleocanthal induced the expression of neprilysin and insulin degrading enzymes that were responsible for degradation of amyloid-β \[[@ref011]\]. *In vitro* studies reveal the efficacy of oleocanthal in inhibiting full-length tau by modifying lysine residues \[[@ref012]\]. The medicinal values of cinnamon is used against various ailment such as wound healing, cardiovascular diseases, etc. Cinnamon administration in AD transgenic mice reduced the formation of amyloid-β oligomers and enhanced cognitive behavior \[[@ref013]\]. Cinnamon disintegrate paired helical filaments in AD brain and prevent *in vitro* tau aggregation \[[@ref014]\]. Curcumin has multifaceted role in preventing aggregation of tau and amyloid-β, and is a very well-known molecule for AD; it mitigates synaptic loss, oxidative stress, and behavioral deficits \[[@ref015]\]. The poor bioavailability and metabolic instability of curcumin limits its therapeutics application hence, leading to the development of curcumin derivatives \[[@ref018]\]. To overcome the limitations of natural molecules, a large number of synthetic molecules such as phenothiazine dyes, edaravone, cyanine dyes, modified peptides, etc., have been developed \[[@ref021]\]. Among them, phenothiazine and cyanine dyes alleviated AD pathology by targeting amyloid-β and tau aggregates \[[@ref021]\]. Apart from tau and amyloid-β, several kinases are responsible for tau hyperphosphorylation such as cyclin-dependent kinase 5 (CDK5), fyn kinase, and GSK3β \[[@ref027]\]. A large number of kinase inhibitors were identified and screened for their therapeutic role in AD \[[@ref031]\]. Furthermore, the application of these molecules are limited to their pharmacokinetic property and permeabilization across blood-brain barrier \[[@ref034]\]. Despite a huge library of small molecules against AD, most of them are a failure in various phase of clinical trials \[[@ref035]\]. Hence, there is a necessity to screen molecules against different targets of AD.

In the present study, we isolated intermediate and final limonoids, nimbin and salannin respectively, from the fruit of *Azadirachta indica* ([Fig. 1](#adr-3-adr190118-g001){ref-type="fig"}A, B). Limonoids are tetranortriterpenoid class of molecules with large number of biological activity that includes, anti-fungal, anti-bacterial, anti-inflammatory, anti-cancer, and anti-feedant \[[@ref037]\]. Previously, a wide range of limonoids were isolated from *Azadirachta indica* and screened for their anti-cancer property \[[@ref038]\]. The role of limonoids in neurodegenerative disorders are poorly known \[[@ref039]\]. In present study, the effect of limonoids against aggregation of tau was performed by fluorescence assay and analyzing the morphology of tau aggregates followed by cell viability assay. The current results suggest that intermediate and final limonoids prevents tau aggregation and increases cell viability. The limonoids being non-toxic to cells and their role in preventing *in vitro* tau aggregation propose them to be a promising molecule in overcoming tau pathology.

![Intermediate and final limonoids decrease aggregation of tau. A,B) The final limonoids were isolated from neem kernel of *Azadirachta indica* and the structure of nimbin and salannin. C) The full-length tau (hTau40 wt) is composed of 441 amino acids and has two inserts towards the N-terminal. The number of inserts vary from 0 to 2 based on the isoforms. This is followed by a proline rich region which is known to involve in interaction with various proteins such as microtubule, kinases, etc. The four repeats towards the C-terminal are also known as microtubule-binding domain, named on the basis of its function. Tau undergoes alternative splicing and results in six isoforms which have either three or four repeats. The expression of these isoforms is developmentally regulated and is altered during AD pathology. D, E) The inhibition of full-length tau aggregation by nimbin and salannin was probed by ThS fluorescence and plotted in terms of percentage inhibition at 120 h. F) The aggregation inhibition in terms of percentage was plotted. It indicated that nimbin and salannin showed similar effects in inhibiting tau aggregation. G) In *in vitro* condition heparin induces tau aggregation into thick and extended fibril like structure. H, I) The presence of nimbin and salannin prevents extensive aggregation of tau and instead leads to the formation of thin, short, and fragile aggregates. The significance was calculated using SigmaPlot 10.0 and \*\*\*, \*\* and \* indicates *p* value \<0.001, \<0.01 and \<0.05 respectively. ns is not significant where *p*≥0.05.](adr-3-adr190118-g001){#adr-3-adr190118-g001}

MATERIALS AND METHODS {#sec0010}
=====================

Plant material and chemicals {#sec0015}
----------------------------

Neem fruits were collected from Aurangabad, Maharashtra (India). HPLC grade solvents were procured from Sigma. LC-MS grade solvents were purchased from JT Baker.

Extraction of neem fruit coat {#sec0020}
-----------------------------

Neem fruit coat separated from the kernel (1 Kg) was crushed and homogenized using blender. The homogenized tissue was subjected to repeated methanol extraction for three times over a period of 3 h (2.5 L X 3). The pooled methanol extract was concentrated under reduced pressure and then partitioned between ethyl acetate and water. Organic layer obtained was concentrated to obtain crude extract (24.4 g).

Isolation of C-seco limonoids by MPLC {#sec0025}
-------------------------------------

Crude limonoids extract of 2 g adsorbed on 60--120 mesh silica gel and fractionated on 40 g normal phase silica gel prepacked cartridge having flow rate 25 ml/min and monitored by using UV detector at 240 nm. A gradient solvent system of ethylacetate in petroleumether (20% EtOAc: Petether; 0.0--10.0 min, 25% EtOAc: Petether; 15.0 min, 10.0 min hold, 30% EtOAc: Petether; 30.0 min, 10.0 min hold, 35% EtOAc: Petether; 45.0 min, 10.0 min hold, 40% EtOAc: Petether; 60.0 min, 10.0 min hold, 45% EtOAc: Petether; 75.0 min, 10.0 min hold, 70% EtOAc: Petether; 90.0 min, 15.0 min hold) was used. Fractions were collected in 25 ml tubes. Similar fractions were combined and concentrated to get six fractions. These fractions were adsorbed on celite and individually subjected to reverse phase column chromatography by using 43 g reverse phase silica gel prepacked cartridge with 30 ml/min flow rate. Gradient solvent system of 50% MeOH: H~2~O; 0.0--10.0 min, 55% MeOH: H~2~O; 15.0 min, 15 min hold, 60% MeOH: H~2~O; 35.0 min, 25.0 min hold, 70% MeOH: H~2~O; 65.0 min, 15.0 min hold, was used. The purified compounds were identified as nimbin and salannin based on various spectral data such as HRPM, MS/MS, and NMR with that of reported \[[@ref058]\].

LC-(ESI)-HRMS condition {#sec0030}
-----------------------

The purity of the isolated limonoids were further confirmed by subjecting to ESI-Orbitrap MS associated with Accela 1250 pump and Accela open AS (Thermoscientific Q Exactivetrademark). 5.0*μ*l of the purified limonoids dissolved in methanol (at concentration of 0.1 mg/mL MeOH) was injected on to a Waters Acquity BEH C18 column (1.7*μ*m, 2.1 mm X 100 mm) with gradient solvent system of methanol:water (0.1% formic acid) with a flow rate of 300*μ*L/min. The samples were analyzed in positive ionization mode in the scan range of *m/z* 100 to 1000. Limonoids isolated were found to be over 99.5% pure ([Supplementary Figures 2 and 3](#S1){ref-type="supplementary-material"}).

Preparation of hTau40 wt {#sec0035}
------------------------

hTau40 wt was expressed in *E. coli* as described previously \[[@ref059]\]. The transformed *E. coli* was grown at 37°C till the OD at A~600~ reached 0.5 to 0.6. The cells were induced by 0.5 mM IPTG and allowed to grow for further 4 h before harvesting. The cells were pelleted at 4000 rpm for 10 min, the obtained pellet was re-suspended in cell lysis buffer composed of 50 mM MES at pH 6.8, 1 mM EGTA, 2 mM MgCl~2~, 5 mM DTT, 1 mM PMSF, and protease inhibitor cocktail. The protein was extracted by lysing the cells at 15,000 psi in constant cell disruption system. The obtained lysate was boiled to 90°C after adding 0.5 M NaCl and 5 mM DTT to final concentration. The resultant was subjected to centrifugation at 40,000 rpm at 4°C for 45 min. The supernatant was dialyzed against buffer A constituted with 50 mM NaCl. The protein was subjected to centrifugation after overnight dialysis, following which it was loaded onto pre-equilibrated cation exchange column. The protein bound to the column was eluted by gradually increasing the NaCl gradient to 1 M. The eluted protein quality was analyzed by SDS-PAGE and the confirmed fractions were pooled, concentrated through size-exclusion chromatography by using 1 M PBS and 2 mM DTT. The eluted protein was analyzed by SDS-PAGE. Thus confirmed fractions were pooled and concentrated using 3 kDa cut-off centricons. The protein concentration was estimated by bichinchoninic acid (BCA) method.

Aggregation of tau {#sec0040}
------------------

*In vitro* the aggregation of 20*μ*M hTau40 wt was induced by poly-anionic co-factors such as RNA, arachidonic acid, and heparin. Tau aggregation was induced by heparin (17,500 Da) at the ratio of 4:1 (tau:heparin) in presence of 20 mM BES pH 7.4, 25 mM NaCl, 1 mM DTT, 0.01% NaN~3~ and protease inhibitor cocktail. Tau was incubated at 37°C for aggregation. The role of limonoids in preventing aggregation was analyzed by incubating tau in presence of nimbin and salannin at 400*μ*M concentrations.

Fluorescence assay {#sec0045}
------------------

The aggregation of tau was monitored by Thioflavin S (ThS) and 8-anilinonaphthalene-1-sulfonic acid (ANS), which reveals the content of β-sheet and hydrophobicity in tau during aggregation. 2*μ*M tau was incubated with 8*μ*M ThS and 40*μ*M ANS prepared in 50 mM ammonium acetate at pH 7.0. The fluorescence measurement for ThS was carried out at the excitation of 440 nm and the spectra was recorded at 521 nm. Similarly, the ANS was measured by exciting at 390 nm and recording the spectra at 475 nm. The measurements were taken in Tecan Infinite 200 PRO multimode micro plate reader.

TEM analysis {#sec0050}
------------

Tau aggregates exhibit a typical morphology of filament like structure which was analyzed by TEM at 120 h. Tau was diluted to 1*μ*M and applied on 400 mesh copper grids that were carbon coated. The grid was incubated with 2% uranyl acetate to produce an electron dense layer. The sample was analyzed by Tecnai T20 at 200 kV.

SDS-PAGE analysis {#sec0055}
-----------------

Tau aggregation leads to the formation of higher order aggregates, which were analyzed by SDS-PAGE at 0, 24, and 120 h. Tau was centrifuged at 60,000 rpm for 1 h, followed by separation of supernatant (S) and pellet (P) that was analyzed against the total (T) tau that was not subjected to sedimentation. The extent of aggregation was revealed by the presence of tau in pellet as analyzed by SDS-PAGE. hTau40 wt was resolved by using miniVE Vertical Electrophoresis System purchased from GE Healthcare Life Sciences.

Cell viability assay {#sec0060}
--------------------

HEK293T cell line was cultured in DMEM (Dulbecco modified eagle's media) with 10% FBS and 100*μ*g/mL of penicillin and streptomycin. 10,000 cells/well in 96-well plates were seeded and incubated at 37°C for 12 h at 5% CO~2~. Limonoids were added at a concentration of 50 nM and 50*μ*M; in presence of 1*μ*M tau aggregates limonoids were added at 1, 2, and 5*μ*M concentration at final volume of 100*μ*L with 5% DMSO as a control and incubated for 24 h at 37°C, 5% CO~2~. After the incubation, MTT (Thiazolyl blue tetrazolium bromide) reagent was added at a concentration of 0.5 mg/mL in each well and incubated for 3 h at 37°C, 5% CO~2~. The formazan end product was solubilized by adding 100*μ*L DMSO and the absorption was measured at 570 nm in Tecan Infinite 200 PRO multimode micro plate reader.

Statistical analysis {#sec0065}
--------------------

The triplicates in each data sets were analyzed by unpaired Student's *t-*test using SigmaPlot 10.0. Data are represented as mean±s.e.m. The statistical significance (*p*-value) was represented as \*\*\*, \*\*, and \* which indicates *p* \< 0.001, \<0.01, and 0.05 respectively. *p* value \>0.05 indicates not significant and is represented as 'ns'.

RESULTS {#sec0070}
=======

Tau aggregation modulated by limonoids {#sec0075}
--------------------------------------

The longest isoform of tau, hTau40 wt has 441 amino acids comprising of two inserts, a proline rich region and four imperfect repeats ([Fig. 1](#adr-3-adr190118-g001){ref-type="fig"}C). The effect of intermediate and final limonoids were studied by inducing *in vitro* tau aggregation. The signature cross-β structure and hydrophobic patches formed during tau aggregation were analyzed by ThS and ANS respectively ([Fig. 1](#adr-3-adr190118-g001){ref-type="fig"}D, E). In presence of nimbin and salannin the ThS fluorescence assay showed decrease in intensity \[[@ref040]\]. This suggest that limonoids prevent the formation of β-sheet structure in tau. Similar observations were obtained with ANS fluorescence, which indicate lack of hydrophobic patches that are typically present in aggregates \[[@ref041]\]. Nimbin exhibits 41.5% inhibition in tau aggregation whereas; salannin exhibits 27.6% ([Fig. 1](#adr-3-adr190118-g001){ref-type="fig"}F).

Characterization of tau aggregates by TEM {#sec0080}
-----------------------------------------

The morphology of tau aggregates monitored by TEM are observed as long and thick filamentous structure with periodic twists ([Fig. 1](#adr-3-adr190118-g001){ref-type="fig"}G). At 0 h, tau aggregation was not observed in presence or absence of limonoids ([Supplementary Figure 1](#S1){ref-type="supplementary-material"}). Limonoids prevented extensive aggregation of tau and resulted in thin, short and fragile fragments of tau ([Fig. 1](#adr-3-adr190118-g001){ref-type="fig"}H, I). These results indicate that intermediate and final limonoids play potential role in inhibiting tau aggregation.

Higher order aggregates of tau analyzed by SDS-PAGE {#sec0085}
---------------------------------------------------

Sedimentation of tau was carried out at 60,000 rpm for 1 h, after which the supernatant was separated from pellet and analyzed by SDS-PAGE. The higher order aggregates are analyzed by SDS-PAGE in distinct manner \[[@ref042]\]. At 0 h, nimbin formed soluble higher order aggregates that were separated in supernatant ([Fig. 2](#adr-3-adr190118-g002){ref-type="fig"}A). After 24 h of incubation, tau was separated in pellet, which indicates tau aggregation. In case of nimbin, tau was separated in supernatant and pellet. In presence of salannin, tau was sedimented in the pellet ([Fig. 2](#adr-3-adr190118-g002){ref-type="fig"}B). At 120 h of incubation, salannin showed degradation of tau in supernatant. By comparing with hTau40 wt, the results suggest that tau aggregation was more in presence of salannin when compared to nimbin ([Fig. 2](#adr-3-adr190118-g002){ref-type="fig"}C).

![SDS-PAGE analysis of tau aggregates. A) Tau was subjected to sedimentation assay, followed by the analysis of supernatant and pellet in comparison with the total. At 0 h, full-length tau does not form higher molecular weight aggregates. But in the presence of limonoids, these higher molecular weight species are observed, which were more prominent in presence of nimbin. B) At 24 h of incubation, tau exhibits the formation of aggregates as majority of tau was getting separated in pellet. Moreover, similar observation was obtained in presence of salannin. In case of nimbin, tau exhibited partial aggregation as equal amounts of tau was observed in supernatant and pellet. C) Later at 120 h, tau exhibited maximal aggregation which was witnessed by the presence of higher order species in pellet. Nimbin and salannin also showed maximal aggregation, where salannin led to complete aggregation of tau.](adr-3-adr190118-g002){#adr-3-adr190118-g002}

Limonoids inhibited tau mediated cytotoxicity {#sec0090}
---------------------------------------------

Nimbin and salannin are one of the major constituents of *Azadirachta indica,* and tauopathy includes cellular toxicity and mitochondrial dysfunction \[[@ref043]\]. Cell-based studies were conducted to study whether tau aggregates are toxic to neuronal cells, or are modulated by limonoids. HEK293T cells were treated with limonoids at 50 nM and 50*μ*M concentrations, nimbin showed 82% and 84% viability respectively and salannin showed 81% and 78% viability respectively ([Fig. 3](#adr-3-adr190118-g003){ref-type="fig"}A). The pre-formed tau aggregates when added extracellularly to HEK293T it showed only 32% cellular viability at 10*μ*M concentration ([Fig. 3](#adr-3-adr190118-g003){ref-type="fig"}B). The tau-mediated cytotoxicity was rescued by treatment of nimbin and salannin even at lower concentration compared to cytotoxic dose. Nimbin and salannin reduced tau toxicity completely (100% cell viability) at 2*μ*M and 5*μ*M respectively, where salannin showed dose dependent rescue of cytotoxicity. These results clearly suggest the potency of limonoids in alleviating tau-mediated toxicity ([Fig. 4](#adr-3-adr190118-g004){ref-type="fig"}).

![Biocompatibility of limonoids. A) 10^4^ cells/well were seeded in 96 well plate and incubated with 0.05 and 50*μ*M concentrations of limonoids at 37°C 5% CO~2~ for 24 h, followed by MTT assay and calculation of % cell viability. Both nimbin and salannin have lesser cytotoxic effect and may be potent as drug candidate. B) HEK293T cells were seeded in 96 well plate and co-treated with 10*μ*M human tau aggregates and then with different concentrations (1, 2, and 5*μ*M) of limonoids separately and incubated for 24 h at 37°C 5% CO~2~. Cell viability was determined by MTT assay where nimbin (2*μ*M) were more effective to reduce tau aggregates mediated toxicity at lower concentration than salannin (5*μ*M) in HEK293T cells. The significance was calculated using SigmaPlot and \*\*\*, \*\* and \* indicates *p* value \<0.001, \<0.01 and \<0.05 respectively. ns is not significant where *p*≥0.05.](adr-3-adr190118-g003){#adr-3-adr190118-g003}

![Inhibitory effect and biocompatibility of limonoids. The tendency of tau protein to aggregate was prevented by intermediate and final limonoids. These limonoids were non-toxic to HEK293T cells and also rescued HEK293T from tau aggregates induced toxicity.](adr-3-adr190118-g004){#adr-3-adr190118-g004}

DISCUSSION {#sec0095}
==========

It has become challenging over years to understand the multi-faceted pathology of AD, as novel pathways and effectors associated with it are being disclosed. The physiological functions of neuronal cell are disturbed due to the transition of native proteins to pathological state and their accumulation. Thus, depriving the protein to execute their normal function and leading to neuronal death. Several studies have been carried out to understand the AD pathology, but even after 70 years of its identification the complex network of pathology is still unresolved. Researchers are screening several molecules against amyloid-β and tau aggregation, as well as other effectors of tau such as kinases and proteases \[[@ref044]\]. These molecules although are initially effective, they failed in the later clinical trials. Recently, methylene blue and idalopirdine failed in phase III clinical trials \[[@ref046]\]. Hence, there is a great need to screen small molecules and explore their role in overcoming AD. In the present work, we have isolated intermediate and final limonoids form *Azadirachta indica,* and analyzed its potential role in preventing tau aggregation *in vitro.* We studied the effect of final limonoids in overcoming toxicity due to tau aggregates in HEK293T cells.

The ThS fluorescence for aggregation inhibition indicates that nimbin has more potential in reducing tau aggregation when compared to salannin. This distinctive outcome would be driven by the side chain arrangement in nimbin and salannin. The intrinsic disordered nature of tau makes it feasible to interact with different small molecules. The inhibitory effect on tau aggregation is majorly driven by the motif of tau involved in interaction with small molecules, as oleocanthal prevents tau aggregation by interacting with lysine residue *via* formation of Schiff's base \[[@ref012]\]. Morales et al. and Okuda et al. reported the effect of curcumin and its derivative PE859 in decreasing the ThS fluorescence, indicating the inhibitory role on tau aggregation \[[@ref049]\]. The derivatives of azaphilones inhibited aggregation of tau by forming amorphous tau aggregates. This was due to change in the side chain of azaphilones \[[@ref050]\]. Here in case of final limonoids, they prevent aggregation as evidenced by small and fragile fragments of tau. In sedimentation assay tau is separated in supernatant and pellet based on its nature, i.e., monomer, soluble oligomer or high molecular weight aggregates \[[@ref048]\]. The tau protein was separated in both, supernatant and pellet fraction as SDS-stable higher molecular weight aggregates. Salannin formed insoluble higher molecular weight aggregates as most of the tau was seen in pellet. Furthermore, salannin also induced degradation of tau and it probably interacts with tau making it more flexible to degrade.

Previous studies elucidated neem leaf extracts to have profound anti-bacterial activity, pesticidal activity, as well as wound healing activity \[[@ref051]\]. It has potential role as anti-inflammatory in smoke and LPS induced pulmonary inflammation and can reduce hepatotoxicity by decreasing the rate of apoptosis and increasing antioxidant activity in female rats \[[@ref054]\]. Moreover, the extracts have anti-diabetic, anti-ulcer, and anti-cancer properties \[[@ref056]\]. Previous studies support the uptake of limonoids in transgenic mouse model indicating their nontoxic nature and bioavailability \[[@ref039]\]. We initially analyzed the toxicity of final limonoids and further extended our study to understand if these compounds can reverse the toxicity induced by tau aggregates \[[@ref057]\]. Here, we observed that limonoids were non-toxic and reverted tau mediated toxicity at 1*μ*M concentration which, indicated efficacy of limonoids in AD pathology.

Conclusion {#sec0100}
----------

AD is one of the most common form of dementia with increasing rate of mortality each year. The drugs against various effectors of tau do not aid in preventing AD and moreover failure of several drugs in clinical trials encourage to screen and identify potential lead. Here, in our study we have isolated intermediate and final limonoids from *Azadirachta indica*, a medicinal plant, to study its effect on tau aggregation. The results suggest that limonoids are effective in inhibiting formation of tau aggregates. The cell-based studies suggest that limonoids form non-toxic conformers of tau aggregates and was able to overcome oxidative stress. All these observations suggest limonoids to be a potential lead molecule against AD.
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